The development of techniques for the health monitoring of the rotating components in gas turbine engines is of major interest to NASA's Aviation Safety Program. As part of this on-going effort several experiments utilizing a novel optical Moiré based concept along with external blade tip clearance and shaft displacement instrumentation were conducted on a simulated turbine engine disk as a means of demonstrating a potential optical crack detection technique. A Moiré pattern results from the overlap of two repetitive patterns with slightly different periods. With this technique, it is possible to detect very small differences in spacing and hence radial growth in a rotating disk due to a flaw such as a crack. The experiment involved etching a circular reference pattern on a subscale engine disk that had a 50.8 mm (2 in.) long notch machined into it to simulate a crack. The disk was operated at speeds up to 12 000 RPM and the Moiré pattern due to the shift with respect to the reference pattern was monitored as a means of detecting the radial growth of the disk due to the defect. In addition, blade displacement data were acquired using external blade tip clearance and shaft displacement sensors as a means of confirming the data obtained from the optical technique. The results of the crack detection experiments and its associated analysis are presented in this paper.
INTRODUCTION
One of the primary focus areas being investigated under NASA's Aviation Safety Program's (AvSP) Vehicle Systems Safety Technologies (VSST) Project is the development of new fault-detection and structural health monitoring techniques for gas turbine engines. The rotating components of modern gas turbine engines operate in severe conditions and are exposed to high thermal and mechanical loads. The cumulative effects of these loads can lead to high stresses, structural deformities, cracks, and eventual component failure. Current detection practices involve periodic inspections and schedule-based maintenance of engine components to ensure their integrity over the lifetime of the engine. However, these methods have their limitations, and failures are experienced leading to unscheduled maintenance and unplanned engine shutdowns. To prevent these failures and enhance aviation safety, the NASA Glenn Research Center as part of the overall AvSP's VSST Project is investigating new types of sensor technologies and techniques for the in-situ structural health monitoring and detection of flaws in gas turbine engines.
Over the last several years research has been conducted in the NASA Glenn Research Center's Rotor Dynamics Laboratory to develop both global and local approaches for monitoring critical rotor components. [1] [2] [3] [4] [5] [6] [7] [8] The Rotordynamics Laboratory consists of a high-precision spin rig that can rotate subscale engine disks at speeds up to 12 000 rpm. The rig provides a low-cost venue for developing and validating lower Technology Readiness Level (TRL) structural health monitoring schemes prior to implementing them on more expensive and complicated engine hardware. This investigation was to determine if an optical technique based on the Moiré principal could be used to observe localized radial growth due to high stresses caused by an anomaly such as a crack in a rotating disk. The experiment involved machining a circular reference pattern on a subscale engine disk that had a 50.8 mm (2 in.) long notch machined into it to simulate a crack. The disk was operated at speeds up to 12 000 RPM and the Moiré pattern due to the shift with respect to the reference pattern was monitored as a means of detecting the localized radial growth of the disk due to the defect. In addition, blade displacement data sets were acquired using external blade tip clearance and shaft displacement sensors for comparison to the optical data and to further develop fault detection techniques associated with these technologies. The theory behind the Moiré based crack detection scheme, the experimental setup, and the experimental results are presented in this paper. 
Basic Th
Substituting equation 3 for n at this point yields:
The distance between two dark zones or two light zones would be 2D. Finally, rearranging equation 5 to solve for ∆p yields the following:
If the first pattern is as a baseline image of a test article in its initial state and the second pattern is obtained while the article is being loaded or stretched. Strain, ε, the test article is undergoing would be given by the following equations:
Thus, by knowing the initial line spacing, p, and optically observing the distance between two dark zones or two light zones, 2D, or the distance between a light and dark zone, D, the difference in spacing, ∆p, and hence strain, ε, can be calculated. 
Technical Approach
The Moiré effect amplifies small changes and has the potential to make these changes optically measureable by observing the spacing between the dark or light zones of two patterns overlaid on each other. This characteristic is the basis of the experiment to measure radial growth or strain on a rotating disk due to high stresses caused by operation or an anomaly such as a crack. Figure 2 shows the overall concept behind the experiment. The technical approach was to apply a pattern of concentric equally spaced rings at a known spacing on a subscale turbine engine disk and acquire images of it at both static, 0 RPM, and at a loaded condition of 12 000 rpm. The image that was taken on-condition was then overlaid on the static reference image using image processing software. Registration marks that were placed on the disk were used for sub-pixel alignment. The composite image was then analyzed for the appearance of the dark and light zones due to the radial growth of the disk. Measuring the distance between the dark zones, 2D, or between a light and dark zone, D, and knowing the initial spacing, p, would allow the calculation of the strain and radial growth that the disk was subject to during operation. To enhance the localized stress that the disk would experience during operation, a 50.8 mm (2 in.) long notch was machined into it to simulate a crack.
EXPERIMENTAL SETUP
The subscale simulated turbine engine disk that was used in this experiment is shown in Figure 3 . The disk is 235 mm (9.25 in.) in diameter and has 32 evenly spaced blades. Its geometry is representative of that encountered in turbine engine disks. Its physical dimensions and characteristics are shown in Table 1 . This disk has been well analyzed and used in previous fault detection experiments [1] [2] [3] [4] [5] [6] [7] [8] making it a good candidate for use with this experiment. The notch and image pattern that was machined onto the disk is shown in Figure 4 . The notch was machined into the disk prior to the experiment and was used for previous engine fault and crack detection experiments. The notch is located mid-span on the disk in the thinnest region. It is 50.8 mm (2.00 in.) long, 0.38 mm (0.15 in.) wide, and fully penetrates the disk with a depth of 2.54 mm (0.10 in.). The notch's purpose was to simulate a crack and enhance the localized stress and growth in the area around the crack. While considered large for realistic applications, it has served as an ideal test case in previous proof-of-concept fault and crack detection studies similar to the Moiré concept being investigated in this paper. The pattern that was applied to the disk in order to view the Moiré shift consisted of concentric circles that were 0.254 mm (0.010 in.) wide and uniformly spaced 0.254 mm (0.010 in.) apart. The pattern was machined on to the disk using a precision lathe. The circles were made just deep enough, ~0.08mm (~3 mils), so that a material could be applied to the grooves to provide contrast when imaging. A blue dye used in machining applications was applied to the disk then lightly sanded off, leaving the dye in the grooves to provide the needed contrast for viewing the circular pattern. Registration marks were also added to the disk to facilitate the alignment of the images acquired statically and on-condition. One issue that was encountered with the application of the patterns is that, due to the curvature of the disk's surface, only the flat portion of the disk from a radius beginning at 47.2 mm (1.86 in.) and ending at 71.6 mm (2.82 in.) was able to have the circles applied as opposed to covering the desired hub-to-blade region of the disk, which began at the shaft and ended at a radius of ~109 mm (4.275 in.). It was also intended for the circle width and spacing to be on the order of 0.13 mm (0.005 in.). However, this was not able to be done in a consistent manner using the precision machining method that was employed, and resulted in the use of the larger 0.254 mm (0.010 in.) width and spacing for the experiment. Both of these issues combined, limited the ability to observe the Moiré dark & light zones set up in the pattern. Even with these limitations, it was decided to still proceed with the test to see what could be seen and use it as a learning opportunity for further refining this technique for future tests. The NASA Glenn Research Center's High Precision Spin Rig was used to operate the disk for this experiment. The High Precision Spin Rig is shown in Figure 5 . The spin rig can accommodate simulated engine rotor disks of up to 235 mm (9.25 in.) in diameter. It has a stainless steel shaft with a length of 781 mm (30.75 in.) and diameter of 20 mm (0.79 in.). The shaft is supported by precision contact ball bearings on each end with adjustable dampers positioned along the length shaft. A custom 12 hp motor is used to operate the spin rig at speeds up to 12 000 rpm. The setup for the experiment is shown in Figure 6 . A five (5) Megapixel miniature machine vision digital camera with a 12 mm and 25 mm lens was used to acquire images of the disk statically and when it was being operated at 12 000 rpm. To capture the image of the disk as it was being spun a 10W white light emitting diode (LED) with pulsed power supply was used as a strobe. A laser 1/rev was used to precisely drive the strobe as a function of rotor location and speed. In-house designed and fabricated pulse delay and pulse width control circuitry was used to condition the 1/rev signal for control of the strobe. The pulse delay was varied in order to image different regions of the disk while it was spinning. The pulse width was adjusted to obtain the crispest image of the disk while it was on test condition. In addition to the optical instrumentation listed above, microwave and capacitive blade tip clearance (BTC) sensors were used to acquire blade tip clearance data. These sensors, shown in Figure 6 , were located 180 degrees across from each other on the disk. Two eddy current displacement sensors located 90 degrees apart on the shaft were used to measure shaft location. The purpose of using this additional instrumentation was to compare any radial growth observed optically using the Moiré principle with the radial growth measured by these external sensors. They were also used to further develop crack detection techniques associated with these technologies. 
EXPERIMENTAL RESULTS

Optical Data
As previously stated the methodology that was used to conduct the experiment was to acquire reference images of the disk at various locations at the static, 0 rpm condition, then spin the disk up to 12000 rpm and acquire images of the disk at full speed operation in the same the locations that the reference images were acquired at. The two locations that were chosen were the region located by the notch and a clean, defect free region, located 180 degrees across from it. These were chosen as a means of viewing the radial growth associated with normal loading of the disk and the localized radial growth due to the simulated crack. The images were then post processed by first aligning them using the registration marks located on the inside radius of the disk and then overlaying the image that was acquired at 12 000 rpm onto the image that was taken statically. Imaging processing software was used to accomplish the sub-pixel alignment and overlay of the images. The composite image was then analyzed for the appearance of the Moiré light and dark zones due to the radial growth of the disk. Figure 7 shows the images that were acquired for the clean, or baseline region, of the disk using a 12 mm lens. Figure  7(a) shows the reference image acquired at static conditions, Figure 7(b) shows the on-condition image acquired at 12 000 rpm and Figure 7(c) shows the resulting composite image obtained by overlaying the two images. For the baseline region of the disk the two images lined up exactly on top of each other and the light and dark zones due to the Moiré shift were not observed. Thus, indicating that very little radial growth was observed during high speed operation, which was expected for this side of the disk. Figure 8 shows the images that were acquired for the region of the disk with the notch using a 12 mm lens. Figure 8(a) shows the reference image acquired at static conditions, Figure 8(b) shows the on-condition image acquired at 12 000 rpm and Figure 8 (c) shows the resulting composite image obtained by overlaying the two images. Again, as previously observed the anticipated light and dark zones due to the Moiré shift were not observed. Thus, again, indicating that very little radial growth was optically observed. This was unexpected, as finite element analysis showed that up to a ~0.075 mm (~.003 in.) localized radial growth of the disk could be observed in the region of the notch under these loading conditions. The expectation was that at least the initiation of a pattern shift would be observable, especially in the rings beginning at the notch region and heading towards the outside edge of the disk.
a.) b.)
c.) To further investigate this concept a 25 mm lens was used in place of the 12 mm lens to magnify the region of interest. The same methodology was used to acquire images in both notch and baseline regions of the disk. The results from the notch region are presented in Figure 9 . Figure 9 (a) shows the reference image acquired at static conditions, Figure 9 (b) shows the on-condition image acquired at 12 000 rpm and Figure 9 (c) shows the resulting composite image obtained by overlaying the two images. As in the previous cases the anticipated shift due to any localized radial growth was not observable. The images lined up almost perfectly further verifying that the disk was experiencing very little if any growth due to the notch and the loads induced on it during operation. To further verify this observation a line intensity profile analysis was conducted over the last 10 rings on the composite image to determine if there was a shift due to radial growth of the disk as this would represent the best area to detect any radial growth. The region that was used for the intensity profile is indicated by the yellow line in Figure 9 (c). 
RPM Image
The intensity profile is shown in Figure 10 . The green line indicates the intensity for the image that was acquired at 12 000 rpm and the blue line indicates the intensity of the static reference image. The valleys on the chart indicate the location of the grooves or dark lines of the pattern. The peaks indicate the space between the grooves or the light lines of the pattern. From visually analyzing the profile it is evident that the peaks and valleys of the intensity profiles match each other in the x-axis or radial direction on the disk. Again, this verifies that the disk experienced very little if any radial growth during operation.
External Sensor Data
As part of this experiment blade displacement data sets were acquired using external blade tip clearance and shaft displacement sensors for comparison to the data obtained from the optical technique. Both microwave and capacitive based blade tip clearance sensors were used to measure the disks vibration by monitoring the radial clearance for each blade and hence the radial growth of the disk. These sensors have been used in previous crack detection studies conducted in the spin lab [11] [12] . The results measured by the microwave blade tip clearance sensor during this experiment are presented. The variation in blade tip clearance measured over 1 revolution, 32 blades, at a rotational speed of 12 000 rpm is shown in Figure 11 . The red line indicates the region of the disk that contains the notch. From analyzing the graph a variation of + 0.03 mm (+ .001 in.) to -0.04 mm (-.0016 in.) is observed during operation of the disk. This minimal variation is thought by the authors to be due more to discrepancies in blade length and shaft wobble caused from Rotordynamics of the spin rig rather than radial growth of the disk. In previous experiments, up to +/-0.03 mm (0.001 in.) of shaft wobble has been measured at steady state operation using eddy current shaft displacement sensors. In addition, in the area of the notch, the blade tip clearance is observed to be stable or actual slightly increasing, which is counter to what would be expected if the disk experienced localized growth in this region. Hence, the external sensor data verified what was observed on the optical data regarding the minimal or lack of radial growth on the disk during operation. 
Conclusion and Future Plans
This initial proof of concept experiment for the Moiré based crack detection scheme did not yield the expected results. The disk did not experience the localized radial growth that was expected in the notched area of the disk during operation. This finding was confirmed with both optical and external sensor data sets that were acquired during the experiment. The lack of detectable radial growth prevented the successful demonstration of the Moiré based crack detection technique. However, while not successful for this experiment, this Moiré based optical concept still has merit and this first attempt will be used as a learning opportunity to further refine and validate this concept. Some of the lessons learned that will be applied to future experiments are as follows.
First, the Finite Element Analysis model that was originally used to investigate the disk will be re-evaluated and adjusted based on the results of the experiment. The original model showed that up to ~0.075 mm (~.003 in.) of localized growth would be experienced in the notched region of the disk. Experimental results actually showed the overall radial growth of the disk to be well under ~0.025 mm (~.001 in.), and in reality probably closer to zero. The modeling will be improved to better predict the growth, so the proper disk size, disk material, notch size and Moiré pattern spacing and width can be selected to better demonstrate the concept in future experiments. In addition, alternate methods of introducing a notch or defect to the disk will be investigated in order to get the desired radial growth.
The second major issue that was experienced during this investigation was the spacing of the image pattern and the limited area that it could be applied to the disk. Machining the pattern on to the disk limited the width and spacing to 0.254 mm (0.010 in.). The larger this spacing (p), the longer the distance (D), is between the light and dark zones for a given radial growth (∆p), thus making the technique less sensitive to detect small changes. In addition to spacing, the area of the disk that was covered by the pattern was limited by the machining method that was used to apply the pattern due to the curved geometry of the disk's surface. Thus, only the flat portion of the disk beginning at radius of 47.2 mm (1.86 in.) and ending at a radius of 71.6 mm (2.82 in.) was able to have the circles applied as opposed to covering the full radius of ~109 mm (4.275 in.). This limited the area that could be used to observe the pattern shift due to and set up of the light and dark zones due to radial growth. To remedy both of these shortcomings, alternate methods of applying the pattern such as photolithography or laser etching along with the use of alternate Moiré patterns will be investigated in order to get wider coverage, closer spacing and better sensitivity for future experiments.
The last issue that will be addressed was the imaging of the disk during operation. As discussed previously, in order to capture an image of the disk operating at 12 000 rpm a 10W white light emitting diode (LED) was used as a strobe. For the most part this technique worked and we were able to successfully acquire the images and develop the processing routines required to compare the reference and on-condition image pairs. However, one shortcoming was the inability to get the proper lighting coverage of the disk during acquisition. During testing the lighting power and location had to be adjusted several times to get a crisp image. Even then the coverage was not as uniform as desired and both hot and dark spots were encountered making processing the images difficult. The hot spots were due to the high reflectivity of the disk which required the LED to be moved to an area where it indirectly lighted the region of interest on the disk. This in turn created dark spots that were mostly due to shadows cast by the shaft and other test rig components that were between the LED and disk. This lack of uniform lighting made processing the images difficult. To remediate this for future experiments options such as applying a non-reflective coating on the disk and the use of additional LEDs will be pursued in order to provide better lighting coverage of the disk. In addition, the use of shorter duration pulses will be employed to cut down on the image smearing encountered at the high rotational speeds.
These improvements are in the process of being incorporated for the next phase of experimentation that is being planned to demonstrate this Moiré based crack detection technique. For the next test it is planned to manufacture a sub-scale turbine engine disk made out of aluminum. This softer material will experience greater radial growth during operation and better lend itself to demonstrating the concept. This disk will also have a notch machined into it to simulate a crack and of a sufficient size to induce localized radial growth. In addition, it is intended to apply patterns over the entire area of the disk with a closer spacing to increase sensitivity. On-board strain sensors and external blade tip clearance instrumentation will also be used to monitor disk strain and radial growth for comparison to the optical data. If this proof of concept test is successful, the techniques will be further refined for use on more realistic disk geometries and materials. The results of this planned experimentation will be reported in future papers.
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